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Atmospheric measurements on the drifting Arctic sea ice station “North Pole-35” cross-
ing the Eastern part of the Arctic Ocean during winter 2007/2008 have been compared
with regional atmospheric HIRHAM model simulations. The observed near-surface
temperature, mean sea level pressure and the vertical temperature, wind and humidity5
profiles are satisfactorily reproduced by the model. The strongest temperature differ-
ences between observations and the simulations occur near the surface due to an
overestimated vertical mixing of heat in the stable Arctic boundary layer (ABL). The
observations show very strong temperature inversions near the surface, whereas the
simulated inversions occur frequently between the surface and 415m at too high lev-10
els. The simulations are not able to reproduce the observed inversion strength. The
regional model underestimates the wind speeds and the sharp vertical wind gradients.
The strength of internal atmospheric dynamics on the temporal development of atmo-
spheric surface variables and vertical profiles of temperature, wind and relative hu-
midity has been examined. Although the HIRHAM model systematically overestimates15
relative humidity and produces too high long-wave downward radiation during winter,
two different atmospheric circulation states, which are connected to higher or lower
pressure systems over the Eastern part of the Arctic Ocean, are simulated in agree-
ment with the NP-35 observations. Sensitivity studies with reduced vertical mixing of
heat in the stable ABL have been carried out. A slower increase in the stability func-20
tions with decreasing Richardson number under stable stratification has an impact on
the horizontal and vertical atmospheric structure. Changes in synoptical cyclones on
time scales from 1–3 days over the North Atlantic cyclone path are generated, which
influences the atmospheric baroclinic and planetary waves on time scales up to 20
days over the Arctic Ocean basin. The use of increased vertical stability in the model25






































The winter atmosphere over the ice covered Arctic Ocean is characterized by surface-
based temperature inversions and low-level wind jets as estimated by Zhang and Sei-
del (2011). Due to the remote location and the harsh climatic conditions in this area,
a lack of systematic atmospheric observations exists, which limits progress in under-5
standing the structure and variability of the near-surface climate, the ABL and the inter-
action with baroclinic pressure systems in the free troposphere over the Arctic Ocean.
State-of-the-art Arctic regional climate models (RCMs) suffer from poorly described
regional feedbacks due to insufficient atmospheric subgrid-scale parameterizations.
Tjernström et al. (2005), Rinke et al. (2006) and Wyser et al. (2008) evaluated the10
performance of an ensemble of eight RCMs through comparison with data from the
Surface Heat Budget of the Arctic Ocean (SHEBA) experiment in the Beaufort Sea
from September 1997 until October 1998. The largest deviations between observations
and simulations were found near the surface and in the ABL. The model scatter was
associated with insufficient parameterizations of surface albedo, surface fluxes, the tur-15
bulence in the stable ABL and clouds. Since the vertical mixing in the stable ABL over
the Arctic Ocean, the coupling of the ABL with baroclinic cyclones and the large-scale
atmospheric circulation is not yet fully understood, more reliable data are the basis to
reduce the uncertainties in the model simulations. Ten years after the SHEBA exper-
iment, Vihma et al. (2007) reported on the measurements of atmospheric conditions20
over the Arctic Ocean during spring and summer 2007 in the frame of the European
project “Developing Arctic Modeling and Observing Capabilities for Long-term Environ-
mental Studies” (DAMOCLES) described by Gascard et al. (2008).
Recently Atlaskin and Vihma (2012) evaluated the performance of four operational
numerical weather prediction models (NWPs) conducting winter simulations from 125
December 2009 until 1 March 2010 for Europe and Northern Finland. They reported
on a 2m temperature bias and significant differences between modelled and mea-





































of overestimated model turbulence under very stable conditions.Tastula et al. (2012)
evaluated the performance of the polar WRF over Antarctic sea ice for autumn and
winter conditions from 21 February until 4 June 1992 and demonstrated the difficulties
of models in simulating low-level jets over sea ice. They further showed that model bi-
ases in the surface temperatures and the near-surface turbulent fluxes are connected5
with poor simulations of cloud cover.
Since global models show largest biases in polar regions, RCMs with higher hor-
izontal resolution have been used as a test bed for improving parameterizations of
subgrid-scale processes (e.g. Tjernström et al., 2005; Rinke et al., 2006; Wyser et al.,
2008). Validation studies of pan-Arctic RCMs (e.g., Rinke et al., 2009; Cassano et al.,10
2011) demonstrated the current model skills and the sensitivity of the results to the
model physical parameterizations as well as the need of careful model evaluation as
a prerequisite for improving the models. Rinke and Dethloff (2000), Rinke et al. (2004)
and Laprise et al. (2008) discussed the role of initial and boundary conditions on the
performance of RCMs, where smaller and meso-scales are generated for given lat-15
eral boundary conditions. Internal variability often assumed to be negligible in one-way
nested models due to the control exerted by the imposed lateral boundary conditions
might be very strong, depending on the applied domain size.
The aim of this paper is to represent and analyse the unique atmospheric observa-
tions carried out on the Arctic sea ice drifting station “North Pole-35” (NP-35) during the20
extended winter period from 1 November 2007 until 31 March 2008 and to compare
this observational data with RCM simulations based on the HIRHAM model. Biases
and shortcomings in the model performance have been evaluated, and the impact of
changed stability functions in the ABL for more stable stratification has been inves-
tigated following a suggestion of Grachev et al. (2007). The NP-35 observations are25
similar to the atmospheric observations on the Arctic drifting station Tara from March
to September 2007 described by Vihma et al. (2008).
The structure of the current paper is as follows: in Sect. 2, the available surface,





































are described. Section 4 presents their comparison and contains evaluation results.
Section 5 summarizes the results and concludes about future model improvements.
2 Atmospheric observations on the ice drifting station “North Pole-35”
As part of observations during the International Polar Year (IPY) the Russian sea ice
drifting station “North Pole-35” was built and opened for the international science com-5
munity by the Arctic and Antarctic Research Institute (AARI) St. Petersburg on a sea-
ice floe over the Arctic Ocean. From 21 September 2007 (81◦27′N 115◦19′ E) until 13
July 2008 (81◦15′N 029◦15′ E) NP-35 drifted across the Arctic Ocean.
Figure 1 shows the NP-35 trajectory within the integration domain of the regional
climate model HIRHAM, used for the model simulations. In order to understand the10
interaction between sea ice, ABL and baroclinic cyclones in the free troposphere, con-
tinuous measurements have been carried out from September 2007 until July 2008, in-
cluding measurements of sea-ice thickness, standard meteorological parameters, sur-
face radiation budget, and vertical atmospheric profiles. Atmospheric measurements
based on tethered balloons and twice-daily radiosonde ascents have been carried out15
to measure vertical profiles of air temperature, relative humidity, wind speed, and wind
direction in the ABL and the free troposphere.
The near-surface values have been measured by the meteorological station MAWS-
110 (Vaisala, Finland) on a 10m high measuring tower. The air temperature and
relative humidity were measured at 2 and 8m, and the wind speed at 2 and 10m20
height, respectively, while the wind direction was only observed at 10m. The short-
wave (SW) and long-wave (LW) radiative flux components were measured by the
heated net-radiometer CNR-1 (Kipp & Zonen, Netherlands) in 2m height. Both the
data of meteorological and radiation parameters have been acquired with a temporal
resolution of 1min. All analyzed quantities and their accuracy are presented in Ta-25
ble 1. For the analysis of tethered balloon and radiosonde measurements no interpo-





































meteorological parameters their values during each hour were controlled, and on this
basis, current values exceeding 3 standard deviations had been deleted from the cal-
culations. To take account of the influence of a rimy radiation sensor on hourly data,
the graphs of actual data for each day had been controlled visually by comparison with
appropriate data after clearing of rime, where the latter was done hour by hour. In case5
of strong riming, the hourly data had been estimated from linear interpolation between
values obtained immediately after sensor cleaning. Cloudiness had been estimated
from 3hourly visual observations.
Upper air measurements of pressure, temperature, relative humidity, wind speed
and wind direction have been carried out twice daily (00:00 and 12:00UTC) with the10
sounding system Vaisala Digicora III with RS-92 type probe (Vaisala, Finland). Here,
the 6 hourly, daily and monthly mean NP-35 measurements are used to evaluate the
HIRHAM RCM simulations for the extended winter period from 1 November 2007 to 31
March 2008.
3 Regional atmospheric model HIRHAM for the Arctic15
For the model simulations the atmospheric RCM “HIRHAM” has been applied with its
pan-Arctic integration domain (see Fig. 1) as described by Rinke et al. (2006). This
hydrostatic primitive-equation model contains the physical parameterization package
of ECHAM4 (Roeckner et al., 1996). A description of the model has been given in the
above-mentioned publications, and can also be found in Dethloff et al. (1996). The radi-20
ation package was adopted from the ECMWF model (Morcrette et al., 1986) including
some modifications. The surface turbulent fluxes are calculated from a bulk transfer pa-
rameterization based on Monin–Obukhov similarity theory following Louis (1979). The
transfer coefficients for momentum and heat depend on roughness length and a bulk
Richardson number for stable and unstable conditions and apply the formulations of-25





































heat are equal (1×10−3m), but differing stability functions for momentum and heat are
applied.
The transfer coefficients for heat and momentum depend on the roughness length,
the bulk Richardson number Ri and stability functions gh,m, empirically specified for
the different stability conditions as displayed in Fig. 2. For stable cases (Ri > 0) they5
are gh = 1/[1+3bRi
√
1+5Ri ] and gm = 1/[1+2bRi/
√
1+5Ri ], using a default tuning
parameter of b = 5. A value of b = 10 was applied in selected sensitivity experiments
for more stable stratification, where the stability functions increase more slowly with
decreasing Richardson number as pointed out by Grachev et al. (2007). Above the
surface layer a higher-order closure scheme has been applied to parameterize the10
vertical turbulent mixing with exchange coefficients calculated as functions of turbulent
kinetic energy (Brinkop and Roeckner, 1995).
For the heat budget calculation over ice, the surface albedo of snow and ice surfaces
is parameterized as linear function of the surface temperature. The model uses a hori-
zontal resolution of 0.5◦, which corresponds to ca. 55 km and a vertical resolution with15
a total of 25 levels and 10 levels in the lowest 600m. The ECMWF operational analysis
with a T399 triangular truncation corresponding to a horizontal resolution of ca. 55 km
has been used for forcing at the lateral boundaries, updated 6 hourly, and at the ocean
lower boundary, the sea surface temperatures and sea ice fractions are updated daily.
Fractional sea ice coverage was taken into account, and ice thickness was prescribed20
to the averaged value of 2m measured on NP-35. The sea-ice surface temperatures
are calculated by a heat balance equation.
The model was run either in the climate mode or in the forecast mode. In the climate
mode an ensemble of 5 simulations each month long with slightly different initial condi-
tions in the atmosphere have been carried out, where the initial conditions have been25
shifted by ±12, ±6 and 0 h. The climate simulations, which started at 00:00UTC are
called “HIRHAM clima” and the ensemble mean of the simulations with the 5 different
initial conditions is called “HIRHAM ens”. Both HIRHAM clima and HIRHAM ens apply





































with changed stability functions use b = 10, called “HIRHAM b10”. The NP-35 data
have not been taken into account for the ECMWF data assimilation and not been used
in the ECMWF analysis system. The forecast run (“HIRHAM f12”) was re-initialized
every 12 h from the operational ECMWF analyses. The forecast mode has been ap-
plied with the aim to stay close to the observed weather situations. The vertical profiles5
of air temperature during NP-35 (observations, climate mode HIRHAM ens, HIRHAM
clima, HIRHAM b10, and forecast mode HIRHAM f12) were compared on the basis of
the sounding data and models calculation twice daily (00:00UTC and 12:00UTC). The
model simulations have been horizontally interpolated for the current NP-35 position
and vertically for a resolution of 25 hPa.10
4 Measurements and comparison with HIRHAM simulations
4.1 Comparison of near surface variables
For the analyzed period November 2007 to March 2008, the daily average of the NP-
35 surface-based observations of 2m air temperature, relative humidity, wind speed
at 10m, and surface net LW radiation have been compared with the corresponding15
HIRHAM model ensemble simulations including their standard deviations (Fig. 3), in-
terpolated for the NP-35 position. In our convention positive radiative LW fluxes are
upward directed and describe radiative cooling. The overall temporal changes of 2m
temperature, 10m wind and surface net LW radiation are well simulated, with the fore-
cast simulations in much better agreement as a result of the 12 hourly re-initialization.20
However, deviations of up to 15K are found in the 2m temperature during several peri-
ods especially during January and February 2008. The computed correlations between
simulation and observation, presented in Table 2, range from 0.75 for HIRHAM f12 to
0.45 for HIRHAM ens. The across-ensemble scatter in simulated 2m air temperature,
wind speed and net surface LW radiation is much higher than those of the relative25





































the RCM simulations are only partly determined by the lateral boundary conditions
and internal variability is important, which reflects the impact of different initial condi-
tions on the ensemble members. The scatter following internally generated variability
adds to the differences between members of an ensemble of simulations, that results
from changes in tunable model parameters (b = 5 or 10) and different parameterization5
packages displayed in the Figs. 5 and 6.
Furthermore, Fig. 3 reveals that measured winter changes in relative humidity are
not well reproduced by the model. There is a systematic model overestimation com-
pared to observations and no correlation between the simulations and the observations
occurs. The relation between the 2m dew point temperature and 2m temperature for10
November 2007–March 2008 at NP-35, based on HIRHAM ensemble members has
been checked and shows a very high correlation for relative humidity below 100%.
This militates for an observational deficit of the humidity sensor at low temperatures,
e.g. loss of the sensor sensitivity for temperatures below −30 ◦C.
During polar night conditions the HIRHAM model simulates too high relative humid-15
ity and too high net LW radiation. The correlation between the cloud observations and
model simulations is very low. The erroneous presence of clouds in the HIRHAM sim-
ulations causes a positive bias in surface long wave downward radiation (LWD) during
cold periods as pointed out earlier by Wyser et al. (2008). Rinke et al. (2012) showed,
that the rate of increase of LWD with cloud cover is overestimated in the HIRHAM20
model for winter, which is consistent with an excess of cloud liquid water and hence
thermal emissivity for large cloud fractions. LW radiative HIRHAM simulation errors are
therefore obvious for winter conditions also discussed by Klaus et al. (2012) with a sin-
gle column version of HIRHAM along the NP-35 trajectory. Therefore, the LW radiation
differences between simulations and observations reach often more than 100%. The25
HIRHAM f12 simulations are always in closer agreement with the NP-35 measurements
and operational ECMWF analysis. The day-to-day changes of the 10m wind speed are
well simulated by HIRHAM f12 with a correlation of 0.81 but only 0.35 for HIRHAM ens.





































Table 2 summarizes the means of surface variables measured on NP-35 and sim-
ulated by the model for the period November 2007–March 2008. Furthermore, it con-
tains their correlations and root mean square errors. The highest correlations exist for
the mean sea level pressure, 2m temperature and the 2m dew point temperature.
The HIRHAM f12 simulations additionally indicate a good correlation for the 10m wind5
speed. The deviations in the relative humidity between model simulations and observa-
tions during the extended winter arise due to differences between the 2m temperature
and the 2m dew point temperature which are 2.9K in the measurements, 1.1K for
HIRHAM f12 and 0.9K for HIRHAM ens.
It is essential that the model captures the observed Arctic synoptic-scale pressure10
systems, otherwise erroneous simulated wind and turbulent fluxes could occur. There-
fore, the variability of the surface pressure, 2m temperature and 10m wind speed
on time scales between 2 and 30 days in the observations, HIRHAM ens mean and
HIRHAM f12 simulations has been analyzed and compared. Figure 4 displays the local
wavelet spectra (e.g. Torrence and Campo, 1998), based on daily data. The wavelet15
transformation was performed with the Morlet wavelet. It quantitatively demonstrates
a qualitative similar behavior in the frequency space for the observations and simu-
lations. The wavelet spectra for surface pressure display enhanced spectral energy
for periods between 5–10 days (baroclinic scale) and 15–30 days (transient scales) in
NP-35 observations, HIRHAM ensemble mean and f12 simulations. The 2m air tem-20
perature spectra show peaks between 5–20 days and the 10m wind spectra between
10–20 days. The general agreement of spectral peaks on both baroclinic and transient
scales in the observations and simulations suggests that the variations of surface pres-
sure, 2m air temperature and 10m wind conditions are satisfactorily reproduced by the
model, although the temporal details especially for 10m wind differ. The detected vari-25
ance peaks are associated with baroclinic pressure systems and transient systems and
larger planetary scale variations, similar to those described by Jaiser et al. (2012).
Figure 5 displays the pan-Arctic distribution of mean sea level pressure for the 5





































differences to the HIRHAM f12, HIRHAM ens, HIRHAM clima and HIRHAM b10 sim-
ulations. The position of NP-35 is indicated by filled black points. The large-scale at-
mospheric patterns with the Icelandic low and a high pressure bridge from Siberia to
Alaska during winter are well reproduced by all different model setups. In February
and March the agreement of the RCM simulations with ECMWF analysis is very high,5
whereas in November and December the high pressure bridge in the simulations over
the Chukchi Sea is too weak and in January too strong. The impact of the changed
stability functions in the HIRHAM b10 run from November to January is clearly visible.
4.2 Vertical profiles of temperature, wind and humidity
Monthly mean vertical profiles of observed and simulated air temperature, relative hu-10
midity and wind speed between the surface and 2000m and the HIRHAM ensemble
standard deviations are displayed in Fig. 6. The vertical temperature structure and
surface inversions are captured in the model simulations with different biases for the
investigated months (biases in the order of ±4K). The agreement for November, De-
cember, February and March is acceptable. The January temperature profile of the15
HIRHAM ens simulations shows a difference of around 5K, connected with a too
strong simulated high pressure system in HIRHAM compared to the ECMWF oper-
ational analyses north of the NP-35 position (Fig. 5). The surface inversion strength
in the lower troposphere differs significantly. In November and March the simulations
of HIRHAM ens show too weak vertical mixing, whereas in December, January and20
February the vertical exchange is too strong, resulting in vertical model profiles with
too weak temperature gradients. The too excessive vertical mixing of heat in HIRHAM
is in agreement with results of Andreas (1987) and Andreas et al. (2005). On the ba-
sis of eddy-covariance measurements they showed that the roughness lengths with
respect to wind and temperature differ for stronger turbulence. This dependency is not25
yet taken into account by current climate models. Assuming an unrealistic value for the
roughness length an excessive vertical mixing of heat can occur, which is a common





































conditions, which in the applied model are only poorly represented at the sea ice–
snow–atmosphere interface.
The forecast mode reproduces the vertical temperature profile much better than the
climate mode. The top of the surface temperature inversions appears between 600–
800m altitude in agreement with the estimates of Vihma et al. (2008) for spring and5
summer. For relative humidity, the simulated top of surface inversions occurs at lower
altitudes (200m). The modeled wind speed near the surface is almost identical to the
observed. In the vertical, local maxima of wind speed occur as low-level jets between
200–400m height, which are only poorly simulated by the models. Changed stability
functions in the HIRHAM b10 simulations, represented by the blue curves in Fig. 2,10
have a clear impact on the vertical atmospheric structure.
Based on Fig. 6, the largest across-ensemble scatter, described by the ± standard
deviations in the HIRHAM ens simulations, occurs for wind speed and relative humidity
throughout all months. The weakest temperature scatter appears in November and the
strongest in February and March, when the lateral boundary forcing through large-scale15
atmospheric waves is dominating, as pointed out by Rinke et al. (2004). This shows that
the internally generated atmospheric variability depends on the season being larger in
winter months.
The overall statistics of the temperature bias have been computed near the surface
(Fig. 7a), at 850 hPa (Fig. 7b) and in the free troposphere at 500 hPa (Fig. 7c) for the20
climate and forecast mode, the operational ECMWF analysis and the HIRHAM b10 run.
The strongest biases of ±5K occur close to the surface and are smaller in the forecast
mode. In 85% of the cases HIRHAM f12 shows positive or negative biases lower than
1K, which is even better than for ECMWF (78%). At 850 hPa the bias declines for
all model simulations, and in the free troposphere at 500 hPa the model biases in the25
forecast run HIRHAM f12 and ECMWF are much less pronounced and reach ±3K.






































An essential feature of stable ABL conditions is the occurrence of surface inversions.
Figure 8a displays the altitude and strength of surface-based inversions, while Fig. 8b
shows those characteristics for elevated inversions, all for November 2007-March 2008
based on NP-35 measurements. A preference of near-surface and elevated inversions5
up to 500m is obvious.
Figure 9 compares the frequency of occurrence of temperature surface inversions
heights and strength for November 2007–March 2008 from the measurements and
the HIRHAM simulations. Compared to the NP-35 observations, the model simulates
surface-based inversions too often. Whereas the total number of observed surface-10
based inversions derived from 12hourly radio sounding data is 171, HIRHAM ens sim-
ulates 53 more and HIRHAM f12 indicates 48 more than observed. The observations
exhibit very strong temperature inversions near the surface, whereas the simulated
inversions occur frequently between the surface and 415m at too high levels. The ob-
served inversion strength is partly reproduced by the simulations and illustrate that15
most inversions have strengths of 1–7K/100m.
The reason for too many modeled surface-based inversions in HIRHAM with con-
current too strong vertical mixing of heat is not clear, but could be connected with the
poorly simulated cloud-ABL feedbacks. RCMs have considerable difficulties in simulat-
ing Arctic clouds correctly as pointed out by Wyser et al. (2008). The HIRHAM sim-20
ulations show a minimum in cloud water (liquid plus ice) at near-surface atmospheric
levels and a maximum near 200m as evaluated by Tjernström et al. (2008). The model
difficulties in characterizing low thick clouds could be related to the models ability to re-
solve Arctic inversions. However, temperature inversions below 15m as well as above
550m altitude occur more frequently in the model. HIRHAM simulates the statistics of25
surface-based inversions strength better than that of height.
In the ABL temperature inversions are often connected with low-level wind jets. While





































simulated only 7 (2). For these cases both HIRHAM ens and HIRHAM f12 underesti-
mate the observed wind speeds between 4ms−1 (HIRHAM f12) and 8ms−1 (HIRHAM
ens), not explicitly shown here. The simulated vertical wind gradients are too weak and
large biases in the vertical wind profiles exist (Fig. 6). The simulated jets are located
at the wrong height of around 400m compared to 200–300m in the observations (not5
shown).
4.4 Distinct atmospheric circulation states
Stramler et al. (2011) detected two different synoptically driven atmospheric circulation
states for the winter of the SHEBA year 1997/98. Figure 10 shows the observed and
simulated frequency distribution of surface net LW radiation with respect to the NP-3510
drift. The NP-35 extended winter observations indicate two different radiative-turbulent
states below and above 30 Wm−2. Whereas the HIRHAM f12 simulation does not show
the two distinct atmospheric states, the HIRHAM clima and HIRHAM b10 simulations
qualitatively indicate both states. Figure 10 demonstrates the importance of applying
accurate initial conditions for reproducing the two differing states. HIRHAM clima and15
HIRHAM b10 use the most realistic initial conditions and are therefore able to repro-
duce the distinct states qualitatively, whereas HIRHAM ens with modified initial condi-
tions fails.
Figure 11 shows the associated different circulation states at the mean sea level, 850
and 500hPa as a composite for November 2007 until March 2008 for the two different20
radiative-turbulent states with net LW radiation below and above 30Wm−2 based on
HIRHAM clima and HIRHAM b10 simulations. Figure 11 indicates a southward exten-
sion of the high pressure region for the one regime (net LW radiation above 30Wm−2)
and a more northward extension of low pressure for the other regime (net LW values
below 30Wm−2) over the central Arctic Ocean. The difference plots (difference be-25
tween the two states) indicate an enhanced Arctic high pressure over the center of
the Arctic Ocean and in the vicinity of NP-35 position for surface net LW radiation val-





































with less clouds, reduced downward LW radiation and therefore higher radiative loss
at the surface and colder temperatures. The other LW-driven (associated with values
less than 30Wm−2) circulation state over the Arctic Ocean with reduced pressure is
associated with more clouds, enhanced downward LW radiation and smaller radiative
cooling at the surface.5
Over the Beaufort and Barents Seas the difference plots indicates different patterns
with lower pressure states for surface net LW radiation values above 30Wm−2. Unfor-
tunately, the poor NP-35 cloud observations and the HIRHAM deficits with respect to
low cloud simulations do not allow quantitative estimations as in Stramler et al. (2011).
The atmospheric circulation state changes with height and contains strong barotropic10
and baroclinic components. The impact of a changed stability function is clearly visible,
so that the enhanced vertical stability in the HIRHAM b10 simulation leads to strong
changes in the baroclinic structure between the surface and 850hPa. The relatively
cold high pressure conditions resemble the radiative-driven clear state described by
Stramler et al. (2011), and the reduced high pressure conditions with more clouds are15
similar to their cloudy state connected with stronger baroclinic pressure systems.
The two differing radiative circulation states could be associated with changed in-
teraction between radiative and turbulence processes. Figure 12 displays the ratio be-
tween the surface heat fluxes and the 10m wind SHF/u as a function of ∆T derived
from the bulk parameterization of Zilitinkevich (1970) for both atmospheric circulation20
states from November 2007 until March 2008. According to the bulk-flux formula, the
SHF is proportional to both the 10m wind speed u and the air-surface temperature
difference (Tair − Tsrfc; ∆T ) in such a way, that SHF = −ρcpuCh (Tair − Tsrfc). Here, ρ is
the air density, cp is the specific heat capacity at constant pressure, and Ch is the heat
transfer coefficient. Turbulent mixing is determined by the thermal stratification and the25
vertical wind shear.
For the two different circulation states connected with two distinct radiative equilib-
ria the interaction of subgrid-scale turbulence and high or low pressure systems dif-





































30Wm−2 is connected with more frequent stable conditions and reduced vertical tur-
bulent exchange. For this state a stronger nonlinearity is visible in the scatter plots’ tails
of Fig. 12 that might be associated with intermittent turbulence under more stable con-
ditions. For weaker high pressure conditions connected with surface net LW radiation
values below 30Wm−2 the scatter plots indicate a more linear behavior most likely due5
to enhanced turbulent exchange and cloud formation.
Following the nonlinearity of the subgrid-scale coupling with atmospheric meso-scale
and baroclinic systems, the right amount of turbulent mixing, which allows the appro-
priate representation of surface values and the atmospheric profile in a vertical column
connected to horizontal atmospheric advection is a very delicate issue. Thus, the pa-10
rameterization impact differs depending on the synoptical situation. Furthermore, the
results of the whole ensemble show that the same parameterization does not produce
the best results under different lateral boundary conditions and for different internally
generated variability.
Mokhov et al. (2007) analyzed polar meso-scale cyclones with diameters from 5015
to 400 km over the North European Basin for the period 1981–1995 and showed that
their time scales are in the order of 1–3 days. Figure 13 displays this synoptic-scale
variability of band-pass filtered time series of sea level pressure on time scales from
1–3 days from November 2007 until March 2008 for the ECMWF analyses as well as
the HIRHAM clima and HIRHAM b10 runs. The analyses and the two simulations all20
show quite similar storm tracks over the Atlantic with differing regional details in the
Barents and Beaufort Seas.
The changed synoptic systems influence the baroclinic time scales up to 10 days as
displayed in Fig. 14 with strongest changes over the Arctic Ocean basin from November
until February. In November and December the baroclinic processes change along25
the Siberian coast. In February the strongest variability occurs in the Norwegian and
Barents Seas. The enhanced vertical stability in HIRHAM b10 reduces the baroclinic-





































Figure 15 displays the planetary-scale variability of mean sea level pressure and
500 hPa geopotential fields on time scales between 10–20 days. By comparing Figs. 14
and 15a a pronounced baroclinic-barotropic interaction in November over the Arctic
Ocean is visible. The variability of the 500 hPa geopotential height fields in Fig. 15b
indicates a barotropic signature for November and December and larger scale vari-5
ability patterns dominated by baroclinic-barotropic interactions in February. The use of
increased vertical stability in the model simulation leads to diminished planetary-scale
variability over the Arctic Ocean.
5 Summary and conclusions
Atmospheric measurements on the drifting Arctic sea ice station “North Pole-35” cross-10
ing the Eastern part of the Arctic Ocean during winter 2007/2008 have been presented
and compared with RCM simulations in the forecast and the climate mode with sensi-
tivity runs carried out with changed ABL stability functions. The observed near-surface
temperature, mean sea level pressure and the vertical profiles of temperature and wind
are satisfactorily reproduced by the simulations. Significant temperature differences be-15
tween observations and the simulations occur near the surface due to overestimated
vertical mixing of heat in the stable ABL. The observations show temperature inversions
between the surface and ca. 400m height, whereas the simulated elevated inversions
occur at too high levels above 400m and the frequency of surface inversions is overes-
timated. The applied RCM fails in reproducing the occurrence of low-level jets, which20
are observed between 200–400m height, because it underestimates the wind speed
and its sharp vertical gradients. LW radiative and cloud simulation errors are obvious for
winter conditions in HIRHAM, which influence vertical cloud-ABL feedbacks. HIRHAM
simulates too many elevated inversions compared to the NP-35 data, which could be
connected with the poor simulations of cloud cover.25
The observations indicate two different radiative-turbulent circulation states with sur-





































the HIRHAM simulations with a weakened high pressure dominated state for net LW
radiation values below 30Wm−2 and an enhanced high pressure dominated state for
higher net LW radiative fluxes. The importance of the right initial conditions in reproduc-
ing the distinct circulation states was shown. The associated atmospheric circulation
structures change from the surface to 500 hPa and contain a strong baroclinic com-5
ponent, which depends on the used ABL stability function. This feedback changes the
synoptical cyclone tracks and the large-scale planetary wave patterns during winter
through baroclinic-barotropic interactions. The role of internal dynamics due to differ-
ent initial conditions on the temporal development of atmospheric surface variables
and vertical profiles of temperature, wind and relative humidity has been quantified in10
ensemble simulations. The scatter due to internally generated variability in the large
Arctic integration domain is high and adds to the differences between members of an
ensemble of simulations, which results from changes in model parameters as pointed
out by Rinke and Dethloff (2000) and Laprise et al. (2008).
The quality of any climate model (e.g. Handorf and Dethloff, 2012) therefore strongly15
depends on the used subgrid-scale parameterizations that describe the complex small-
scale interacting processes between sea ice, snow, clouds, stable ABL turbulence and
radiation. These schemes interact differently depending on the synoptical conditions in
a two-way mode with baroclinic and large-scale circulation patterns.
The only way to better evaluate the performance of models in the Arctic is to confront20
the models with more high-quality datasets covering the vertical and horizontal struc-
ture of the atmosphere. Our scientific understanding of main Arctic climate processes
is mainly limited by the lack of observations over the Arctic Ocean due to logistical and
practical reasons. Multi-year, detailed and comprehensive measurements covering an
array of measurement points, extending from the ocean through the sea-ice and into25
the atmosphere, in the central Arctic Basin, would be needed to provide an improved
process-level understanding of the Arctic climate system, which is necessary for im-
proved modelling of Arctic climate and weather conditions, and for the prediction of
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Table 1. Measuring range and accuracy of atmospheric quantities measured on NP-35.
Parameter Range of Accuracy
measurements
Wind speed (ms−1) 0–75 ±(0.5+0.05V)
Wind direction (deg) 0–360 ±5
Surface pressure(hPa) 3–1100 ±0.5
Air temperature (◦C) −50–60 ±0.2
Relative humidity (%) 0–100 ±3
Surface temperature(◦C) −50–60 ±0.2
Downward & upward short- 0–4000 ±10





































Table 2. Measured and simulated atmospheric parameters, their root mean square errors and
the correlation between observations and simulations at NP-35 for the time period Novem-
ber 2007–March 2008 based on 6 hourly data.








ens f12 Ens f12 ens f12
2m temperature (K) 245.0 246.3 246.8 6.37 6.47 4.34 0.45 0.75
2m dew point temperature (K) 242.0 245.8 246.2 7.1 7.29 5.45 0.45 0.75
relative humidity (%) 75.2 98.5 98.0 6.7 23.23 22.74 −0.13 −0.18
10m wind speed (ms−1) 5.36 5.77 6.07 2.47 3.06 1.64 0.35 0.81
net LW radiation (Wm−2) 27.7 36.8 42.7 19.9 25.70 26.76 0.25 0.35







































Fig. 1.  595 
The pan-Arctic integration domain of the atmospheric regional climate model HIRHAM and the 596 
trajectory of NP-35 from October 2007 until July 2008. 597 
Fig. 1. The pan-Arctic integration domain of the atmospheric regional climate model HIRHAM








































Fig. 2.  600 
The stability functions of heat (gh, solid lines) and momentum (gm, dashed lines) with changing b 601 
parameter (default b=5) and b=10 over the Richardson number used in the sensitivity experiment 602 





Fig. 2. The stability functions of heat (gh, solid lines) and momentum (gm, dashed lines) with
changing b parameter (default b = 5) and b = 10 over the Richardson number used in the







































Fig. 3.  609 
Daily-mean time series of a) 2 m air temperature, b) 2 m air temperature HIRHAM ensemble 610 
members simulations with HIRHAM ens mean (black) and HIRHAM ens member (grey), c) 2 m 611 
relative humidity, d) 10 m wind speed, e) surface net LW radiation for November 2007-March 612 
2008 at NP-35 location. NP-35 measurements are in green, the according model simulations with 613 
HIRHAM ens mean in black, HIRHAM ens members in grey and HIRHAM f12 in red. Standard 614 
deviation of HIRHAM ensemble simulations is shown by the grey columns. 615 
Fig. 3. Daily-mean time series of (a) 2m air temperature, (b) 2m air temperature HIRHAM en-
semble members simulations with HIRHAM ens mean (black) and HIRHAM ens member (grey),
(c) 2m relative humidity, (d) 10m wind speed, (e) surface net LW radiation for November 2007–
March 2008 at NP-35 location. NP-35 meas rem nts re i green, the according model sim-
ulations with HIRHAM ens mean in black, HIRHAM ens members in grey and HIRHAM f12 in







































Fig. 4.  617 
Wavelet spectra of surface pressure (upper row), 2 m air temperature (middle row), 10 m wind 618 
speed (lower row) from HIRHAM simulated and NP-35 observed data for November 2007-619 
March 2008. NP-35 data (left column), HIRHAM ens mean (middle column) and f12 simulations 620 




Fig. 4. Wavelet spectra of surface pressure (upper row), 2m air temperature (middle row),
10m wind speed (lower row) from HIRHAM simulated and NP-35 observed data for Novem-
ber 2007–March 2008. NP-35 data (left column), HIRHAM ns mean (middle column) and f12






































 Fig. 5. Pan-Arctic distribution of monthly mean sea level pressure ECMWF (hPa) and differ-
ences to various model simulations (hPa) for the period November 2007–March 2008 (left
column top to down), (topmost row is for November, second row for December, third for Jan-
uary, fourth for February, lowermost row for March) in the operational “ECMWF analyses minus
HIRHAM f12”, “ECMWF analyses minus HIRHAM ens”, “ECMWF analyses minus HIRHAM








































Fig. 6.  635 
Monthly mean vertical profiles of temperature (K) (left column), wind speed (m/s) (middle 636 
column) and relative humidity (%) (right column) between the surface and 2000 m altitude, 637 
November 2007-March 2008, NP-35 radiosondes (green), HIRHAM ens (black) ± stdev (pink), 638 
HIRHAM clima (grey) and HIRHAM f12 (red). Results of sensitivity study with changed 639 
stability functions HIRHAM b10 are in blue. 640 
Fig. 6.Monthly mean vertical profiles of temperature (K) (left column), wind speed (ms−1) (mid-
dle column) and relative humidity (%) (right column) between the surface and 2000m altitude,
November 2007–Mar h 2008, NP-35 radiosondes (green), HIRHAM e s (black)± stdev (pink),
HIRHAM clima (grey) and HIRHAM f12 (red). Results of sensitivity study with changed stability







































Fig. 7.  642 
Frequency of occurrence of temperature bias relative to NP-35 observations for November 2007-643 
March 2008, near the surface (a), at 850 hPa (b) and at 500 hPa (c) for the climate mode 644 
HIRHAM ens (black), the forecast mode HIRHAM f12 (red), the operational ECMWF analysis 645 





Fig. 7. Frequency of occurrence of temperature bias relative to NP-35 observations for Novem-
ber 2007–March 2008, near the surface (a), at 850 hPa (b) and at 500 hPa (c) for the climate
mode HIRHAM ens (black), the fo ecast mode HIRHAM f12 (red), the operational ECMWF







































Fig. 8. 652 
 653 
Altitude (m) of surface inversions (black; left y-axis) and inversion strength (K) 654 
(red; right y-axis) (a). Altitude (m) of elevated inversions (y-axis) und inversion strength (K)  655 
(color) (b). These results are based on radiosondes carried out on NP-35 with vertical resolution 656 




Fig. 8. Altitude (m) of surface inversions (black; left y axis) and inversion strength (K) (red; right
y axis) (a). Altitude (m) of elevated inversions (y axis) und inversion strength (K) (color) (b).
These results a based on radiosondes carri d out on NP-35 with vertical resolution of 1 s







































Fig. 9. 662 
Frequency of occurrence of surface temperature inversion heights (a), and of inversion strengths 663 
(b) for November 2007-March 2008 for NP-35 radiosondes (green) and model simulations 664 













Fig. 9. Frequency of occurrence of surface temperature inversion heights (a), and of inver-
sion strengths (b) for November 2007–March 2008 for NP-35 radiosondes (green) and model







































Fig. 10. 679 
Frequency of occurrence of surface net LW radiation for NP-35 6-hourly  winter (November-680 
March) data  from observations (green), HIRHAM f12 (red), HIRHAM ens (black), HIRHAM 681 












Fig. 10. Frequency of occurrence of surface net LW radiation for NP-35 6 hourly winter
(November–March) data from observations (green), HIRHAM f12 (red), HIRHAM ens (black),







































Fig. 11. 695 





rows) und 500 hPa geopotential height fields (last two rows) (gpm) for HIRHAM clima, 697 
HIRHAM b10. Both are given for different LW radiation states (higher or lower 30 W/m
2
). The 698 
most right column shows the differences between both states. All at the NP-35 position averaged 699 
over November 2007 to March 2008 700 
Fig. 11. Pan-Arctic distribution of mean sea level pressure (hPa) (first two rows), 850 hPa (3
and 4 rows) und 500hP geopotential height fields (la t two rows) (gpm) for HIRHAM clima,
HIRHAM b10. Both are given for different LW radiation states (higher or lower 30Wm−2). The
most right column shows the differences between both states. All at the NP-35 position aver-







































Fig. 12. 702 
Relation between wind-scaled sensible heat flux (SHF/u) and air-surface temperature difference 703 
(ΔT) with respect to the two net LW radiative states for November 2007-March 2008, applying 704 
the Zilitinkevich parameterizations to NP-35 data (green), HIRHAM f12 (red), HIRHAM clima 705 
with b=5 (grey) and HIRHAM b10 sensitivity run with b=10 (blue). 706 
 707 
Fig. 12. Relation between wind-scaled sensible heat flux (SHF/u) and air-surface temperature
difference (∆T ) with respect to the two net LW radiative states for November 2007–March 2008,
applying the Zilitinkevich parameterizations to NP-35 data (green), HIRHAM f12 (red), HIRHAM







































Fig. 13.   709 
Pan-Arctic distribution of synoptic-scale variability on time scales from 1-3 days expressed as 710 
filtered temporal standard deviation of 6-hourly mean sea level pressure (hPa) for November 711 
2007 (upper row) until March 2008 (lower row) and December, January and February in 712 
between.  From left to right ECMWF operational analyses, HIRHAM clima with b=5, and the 713 
HIRHAM b10 with b=10 simulations.  714 
Fig. 13. Pan-Arctic distribution of synoptic-scale variability on time scales from 1–3 days ex-
pressed as filtered temporal standard devia on of 6 hourly mean sea level pressur (hPa) for
November 2007 (upper row) until March 2008 (lower row) and December, January and Febru-
ary in between. From left to right ECMWF operational analyses, HIRHAM clima with b = 5, and







































Fig. 14.   716 
Pan-Arctic distribution of baroclinic-scale variability on time scales from 2-10 days expressed as 717 
filtered temporal standard deviation of 6-hourly mean sea level pressure (hPa) for November 718 
2007 (upper row) until March 2008 (lower row) and December, January and February in 719 
between.  From left to right ECMWF operational analyses, HIRHAM clima with b=5, and the 720 
HIRHAM b10 with b=10 simulations.  721 
Fig. 14. Pan-Arctic distribution of baroclinic-scale variability on time scales from 2–10 days
expressed as filtered temporal standard dev ation of 6 hourly me n sea level pre sure (hPa)
for November 2007 (upper row) until March 2008 (lower row) and December, January and
February in between. From left to right ECMWF operational analyses, HIRHAM clima with







































Fig. 15 a.   723 
Pan-Arctic distribution of planetary-scale variability on time scales from 10-20 days expressed as 724 
filtered temporal standard deviation of 6-hourly mean sea level pressure (hPa) for November 725 
2007 (upper row) until March 2008 (lower row) and December, January and February in 726 
between.  From left to right ECMWF operational analyses, HIRHAM clima with b=5, and the 727 
HIRHAM b10 with b=10 simulations.  728 
Fig. 15a. Pan-Arctic distribution of planetary-scale variability on time scales from 10–20 days
expressed as filtered temporal standard deviation of 6 hourly mean sea level ressure (hPa)
for November 2007 (upper row) until March 2008 (lower row) and December, January and
February in between. From left to right ECMWF operational analyses, HIRHAM clima with







































Fig. 15 b.   730 





Fig. 15b. Same as in Fig. 15a, but for 500 hPa geopotential heights (gpm).
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